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This study was to determine the gene expression pattern and phenotypic change of 
Cheongcheong, Nagdong, TN1, and 8 different pedigrees of the CNDH population when 
WBPH infestation initiated at the reproductive stage of the crop. WBPH infested plants 
generally showed higher expression level of defense genes compared with the uninfected 
plants. LOX transcriptional levels in Nagdong and CNDH42-1 did not increase after WBPH 
feeding at all-time course. Chlorophyll content declined in infested plants compared to their 
controls, but still CNDH3, CNDH14-2, and CNDH65 were healthier. Heavy and extensive 
WBPH feeding affected rice yield and grain quality although the infestation started at the 
reproductive stage.
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Introduction
With increasing demand due to human population growth, rice breeders have been devel-
oping many high-yielding and disease-resistant varieties to fulfill the global requirement. 
Rice plant is challenged by number of stresses, both biotic and abiotic, which can greatly 
affect the production and quality of grain. The whitebacked planthopper (WBPH, Soga-
tella furcifera Horvath) is one of the biotic stresses of rice plants that greatly affects rice 
yield and causes large economic losses (Yamasaki et al. 2003). These insects remove 
nutrients from the phloem sap and also transmit the southern rice black-streaked dwarf 
virus to the plant (Zhou et al. 2013). Plants trigger defense responses that are mediated 
through complex signal pathways in response to pathogen invasion, resulting to activa-
tion of defense genes. Phenylalanine ammonia-lyase (PAL) is the primary enzyme in the 
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phenylpropanoid pathway, which is involved in biosynthesis of salicylic acid (Mauch-
Mani and Slusarenko 1996). Phenylpropanoids are derived from cinamic acid, which is 
formed from phenylalanine (Williams et al. 2005). Phenylpropanoids play essential roles 
in plant development and protection against environment stresses. A large number of 
studies reported that PAL expression is considered as plant defense which is responsible 
to abiotic and biotic stress such as pathogen attack, UV irradiation, wounding, and light 
(Chaman et al. 2003). Lipoxygenase (LOX) are nonheme iron-containing dioxygenases 
which broadly distribute in plants and animals. These enzymes use dioxygen molecules 
to catalyze the hydroperoxidation of polyunsaturated fatty acid which contains a (1z, 4z)-
pentadiene structure (Brash 1999). Product of LOX biosynthesis pathway such as trauma-
tin, jasmonic acid, oxylipins and volatile aldehydes are supposed to play a crucial role in 
signal transduction of wound response, pathogen attack, and plant growth and develop-
ment (Rosahl 1996). In resistant rice plant, the activity of OsLOX1 was increased during 
BPH (Niaparvata lugens) feeding while OsHI LOX were expressed strongly by the rice 
striped stem borer [(SSB), (Chilo suppressalis, Zhou et al. 2009)]. WRKY proteins are a 
recently identified class of DNA-binding proteins that recognize the TTGAC(C/T) W-box 
elements found in the promoters of a large number of plant defense-related genes. The 
WRKY transcription factors are one of the largest families of transcriptional regulators in 
plants. WRKY transcript factor consists of all living organism and plays as regulator of 
gene expression. Expression of a large number of WRKY genes is induced by pathogen 
(Lippok et al. 2007). Furthermore, the rice salicylic acid (SA) pathway branches into 
WRKY45-regulated and NPR1 homologue (NH1)/Oryza sativa neuropeptide receptors-1 
(OsNPR1)-regulated sub-pathways and WRKY45 conferred strong resistant to both rice 
blast and leaf blight diseases when overexpressed in rice (Shimono et al. 2012). In the 
present study, the activation of the defense genes was studied to understand the level of 
expression following WBPH infestation at the reproductive stage. It is important to iden-
tify the rice resistance to WBPH in order to select the interesting rice lines and provide 
information on resistance and susceptibility of these experimental plants for further use in 
breeding. The qRT-PCR analysis was performed to detail the differences between gene 
expression in defense genes related to SA and jasmonic acid (JA)/ethylene (ET) mediat-
ed-defense pathways at different times following WBPH infestation in 11 rice varieties. 
Chlorophyll content and agronomic traits of experimental rice plants were likewise deter-
mined to assess the further effects of WBPH feeding.
Materials and Methods
Plant materials
In this study, Cheongcheong, Nagdong, Taichung Native 1 (TN1, susceptible check 
plant), and 8 different pedigrees of the Cheongcheong/Nagdong Double Haploid (CNDH) 
population were used. We had 8 different pedigrees by coincident rate of quantitative trait 
loci (QTL) markers from comparison with phenotype and genotype of resistant and sus-
ceptible lines among 120 CNDN lines (Yun et al. 2016). CNDH population belongs to the 
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eight filial generations (F8), which were derived from crossings between Cheongcheong 
and Nagdong. The Cheongcheong was moderately resistant, whereas Nagdong was mod-
erately susceptible to WBPH (Kim et al. 2013). Seeds for these varieties were donated by 
the Kyungpook National University, Korea in 2013. Germinated seeds were sown in the 
greenhouse for 21 days, after which they were transplanted singly in plastic pots (14 cm 
diameter × 24 cm tall). Plants were maintained under controlled temperature in a green-
house according to the seasons until the reproductive stage. At this stage, the control and 
treatment plants were separately placed inside a transparent plastic net cage to prevent 
insect migration. Fertilizer was applied twice (during the 3rd and 10th week) after trans-
planting.
WBPH population and rearing
The WBPH population was provided by the National Institute of Crop Science (NICS), 
Rural Development Administration, Korea. The insectarium was maintained at 27 ± 1 °C, 
with a relative humidity of 60–70%, and light cycle of 16-h light: 8-h dark. For breeding, 
adult WBPH were selected and transferred to rice seedlings, which were placed in plastic 
cages so the insects would produce the next generation homogeneously. Rice seedlings 
were replaced once a week. The WBPH populations were allowed to reproduce for sev-
eral generations to confirm that they were the same stage of adults before being trans-
ferred into the rice plants. 
WBPH infestation
Approximately 200 adult WBPHs were placed on each plant. Insects for use in the ex-
periment were selected and maintained on the susceptible variety of seedling and then 
released on the treatment plant gently and evenly. Rice leaves were cut to analyze the 
level of gene expression of OsWRKY45 and NH1 at 0, 30, 60, 90, and 120 min as minutes 
post infestation (mpi). Gene expression of LOX and PAL was also conducted at 0, 24, 48, 
and 72 hours as hours post infestation (hpi). All samples were collected from the leaf 
blade, immediately frozen in liquid nitrogen, and stored at –70 °C until use.
Quantitative Real-time PCR (qRT-PCR) analysis of defense-related genes
Total RNA from rice leaves was isolated using RNeasy Plant Mini Kit (QIAGEN, Ger-
many). cDNA library was synthesized from total RNA using PhileKorea Kit. Quantitative 
Eco Real Time PCR (Illumina, USA) was used in this study. The PCR primer pairs in PAL 
(GGTGTTCTGCGAGGTGATGA, AGGGTGCTTCAGCTTGT), LOX (CATGGAA-
GTCGAGCATGAACA, AATAAAGATTTGGGAGTGACATA), WRKY 45 (TCGT-
CAAGAACCTCGACGAC, TGTCATCTCAGCGGCTTCC), NH1 (TGGCAGGTGA-
GAGTCTACGA, TCAGGAGGTGGATTTGCACC), and OsActin (ATCCTTGTAT-
GCTAGCGGTCGA, ATCCAACCGGAGGATAGCATG) were used to amplify the genes 
of interest in this study. The qRT-PCR conditions were 95 °C for 2 minutes for the activa-
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tion of the polymerase, followed by 40 cycles at 95 °C for 10 s, 60 °C for 30 s, and 72 °C 
for 15 s, and a final melting curve at 95 °C for 15 s, 55 °C for 15 s, and 95 °C for 15 s. 
A chlorophyll meter (SPAD 502 Minolta Camera Co. Ltd., Japan) was used to determine 
chlorophyll content after 1, 3, 5, 7, and 9 weeks post infestation during the reproductive 
stage of rice. Triplicate readings were done from the middle area of the flag leaf of each 
plant and averaged.
Assessment of yield and yield components and statistical analysis
The yield of treatment and control plants were determined and compared. Yield assess-
ment based on spikelet number per panicle, 100-seed weight and percentage of produc-
tive seeds per plant were also obtained. Yield loss was computed using the following 
formula: L = Yp – Yo/Yp × 100 (L = Percentage of yield loss due to WBPH infestation, 
Yp = Yield of uninfested plants, Yo = Yield of infested plants). The experiment was com-
pletely randomized block design with three replicates per treatment. Phenotypic data ana-
lyzed statistically by using the SAS program (ver. 9.4).
Results
Results in Fig. 1 show the expression pattern of 4 defense-related genes (PAL, LOX, 
WRKY45, and NH1) in 11 rice varieties/lines tested in this study in response to WBPH 
infestation at reproductive stage. Generally, all plants infested with WBPH showed high-
er expression levels of defense genes compared with the uninfested plants (control). PAL 
is the major gene related to the SA-synthesis pathway. The basal transcript levels of PAL 
were slightly different in all plants. By 24 hpi, the transcript level of PAL was only in-
duced in Cheongcheong, Nagdong, CNDH14-2, CNDH31, CNDH65, and CNDH92-2. 
Moreover, PAL levels decreased in CNDH42-2 and CNDH45; whereas that of CNDH3 
and CNDH31 remained similar to the basal levels. Remarkably, at 24 hpi, PAL level de-
creased in majority of the plants, but CNDH65 had the highest expression values among 
them. By 48 hpi, the expression of PAL decreased in all plants except for CNDH3 which 
remained constant. By 72 hpi, the transcript level of Cheongcheong, CNDH3, CNDH31, 
CNDH42-1, CNDH42-2, CNDH45, CNDH65, and CNDH92-2 again increased, but PAL 
transcript level slightly decreased in CNDH14-2. In addition, the expression level in Nag-
dong remained similar at 48 and 72 hpi. LOX expression values in all plants were differ-
ent at their basal level. By 24 hpi, the level of expression of LOX decreased in all treat-
ment plants except in CNDH92-2, wherein the expression was slightly induced. It was 
observed that there was a decrease in the expression level of LOX from 0 to 24 hpi in 
CNDH31. CNDH45 and CNDH65, but at 48 hpi the expression again increased, wherein 
the transcript level of CNDH65 was the highest. On the other hand, LOX level at 48 hpi 
in the remaining test plants declined again, but at 72 hpi, level increased again except for 
Nagdong, CNDH42-1, CNDH45, CNDH65 and CNDH92-2. By 72 hpi, LOX levels in 
CNDH3 and CNDH14-2 were significantly higher than that of the resistant Cheongcheong. 
It is also important to note that LOX transcript levels in Nagdong and CNDH42-1 did not 
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increase in response to WBPH at all-time course. WRKY transcription factors play an 
important role in regulating both biotic and abiotic stresses in plants. To identify the func-
tion of rice WRKY genes following the WBPH infestation, the expression of the Os-
WRKY45 gene was determined using qRT-PCR. The expression showed that the tran-
script level of WRKY45 was induced in all plants at 30 mpi following WBPH feeding. The 
transcript level in all plants increased from 30 to 60 mpi, excluding that of CNDH 42-2 
and CNDH92-2, in which levels decreased at 60 mpi and declined smoothly from 60 to 
90 mpi until a low level at 120 mpi was maintained. Remarkably, the transcript level of 
OsWRKY45 was highest in CNDH92-2 and followed by CNDH42-2 at 30 mpi. The ex-
pression analysis indicated that the OsWRKY gene in all rice plants was associated with 
the defense response to WBPH infestation, in particular, OsWRKY gene functioned at 30 
and 60 mpi in the defense signaling pathway. The transcript level of NH1 in all plants was 
similarly expressed at 0 mpi, but level declined at 30 mpi, excluding Nagdong in which it 
was slightly increased in response to WBPH feeding. By 60 mpi, 4 (CNDH3, CNDH14-2, 
CNDH42-2, and CNDH92-2) of the 11 lines had transcript levels that rose substantially 
Figure 1. The induced expression of defense genes in TN1, Cheongcheong, Nagdong and 8 different pedigree 
(CNDH3, CNDH14-2, CNDH31, CNDH42-1, CNDH42-2, CNDH45, CNDH65, CNDH92-2) among CNDH 
population upon WBPH infestation at (0), 24, 48, and 72 h for PAL and LOX and (0), 30, 60, 90, and 120 min 
for OsWRKY45 and OsNH1 using qRT-PCR. PAL and transcription factor WRKY45 are genes involved in 
SA-synthesis pathway. NH1 is a crucial regulatory gene in SA-dependent systemic acquired resistance. LOX 
is JA synthetic-related gene
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compared to the resistant Cheongcheong, whereas others were maintained a steady tran-
script expression following insect infestation. The expression level of the NH1 gene 
smoothly declined at 90 mpi and was maintained until 120 mpi. The activation of NH1 
may be involved in regulation of SA in response to WBPH infestation in subsequent time 
point.
Chlorophyll was measured after every two weeks post infestation. Plants were fed on 
by a large number of planthoppers which resulted to decreased chlorophyll content of 
plants and some eventually died (CNDH31, CNDH45, and CNDH92-2). The SPAD val-
ues for rice leaves are presented in Fig. S1*. Significant differences in SPAD values oc-
curred between the rice plants infested by WBPH and the controls.
The effect of WBPH infestation on plants at the reproductive stage is generally com-
plex and variable. Yield loss caused by infestation was observed in rice plants at the re-
productive stage following feeding by an estimated 200 WBPH per 10 plants. Yield loss 
due to WBPH feeding on the 11 rice plant varieties was dramatic at 37.8–100% decline. 
The losses varied among the tested varieties. Completed loss of yield occurred in 
CNDH31, CNDH45, and CNDH92-2. Similarly, CNDH14-2, CNDH42-1 and CNDH42-
2 showed the high losses, which were 75.2, 76.5, and 75.0%, respectively. Remarkably, 
CNDH3 and CNDH65 seemed to be resistant to WBPH infestation in comparison to the 
resistant Cheongcheong, in which yield losses were 44.4 and 37.8%, respectively. The 
number of spikelet per panicle greatly varied (29–95), as did the number of fertile grains 
per panicle, which was 0.0–53.4% (data not shown). The lowest spikelet number (0.0) 
was recorded for CNDH31, CNDH45 and CNDH92-2, and the highest (90.7) for 
CNDH14-2. The highest 100-seed weight (2.10 g) was obtained from CNDH 65, whereas 
the control reference was 2.35 g. The highest significant yield per plant (2.6 g) occurred 
for CNDH14-2 and the control reference was 10.5 g (Table 1).
Discussion
The whitebacked planthopper is one of the most damaging pests that ingest the phloem 
sap of rice. Development of resistant rice varieties is one of the methods to minimize 
damage caused by the planthopper and other herbivores. Rice varieties could be bred with 
resistant (R) genes for resistance to planthoppers, or a combination of genes for resistance 
against numerous pests. In this study, WBPH-responsive genes PAL, LOX, OsWRKY45, 
and OsNH1 were analyzed to characterize rice cultivars. These defensive genes are regu-
lated by signaling pathways related to regulators JA, ET, and SA (Lyons et al. 2013). It is 
believed that the SA-mediated signaling pathway was activated by WBPH infestation and 
PAL plays a crucial role in stimulating the signal pathway. The transcript level of the SA 
synthesis-involved gene PAL was significantly higher in the resistant rice plant than in the 
susceptible variety in response to small brown planthopper infestation (Duan et al. 2014). 
The accumulation of LOX gene related to the JA/ET signaling pathway was greater in 
CNDH3, CNDH14-2, CNDH65, and CNDH92-2 than the parent plants, Cheongcheong 
and Nagdong. Similarly, an escalation in LOX has been reported to occur in tomato plants 
*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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after infection (Koch et al. 1992). Our data indicate that LOX would participate in defend-
ing against WBPH in CNDH3, CNDH14-2, CNDH65, and CNDH92-2 and may account 
for their resistance. Inoculation of the avocado (Persea americana) plant with Phytoph-
thora cinnamomi caused differences in transcript levels of LOX, which may suggest that 
the expression of this gene contributes to resistance (Engelbrecht and Van den Berg 2013). 
In the present study, the expression of gene defense at the basal level was lower during 
pre-infestation, but immediately increased following WBPH exposure. Therefore, the ex-
pression level could indicate that OsWRKY45 was activated earlier in defense response to 
WBPH infestation in all rice plants, although the degree of expression was slightly differ-
ent. OsWRKY45 plays a crucial role in the response to WBPH infestation in all rice plants. 
For instance, constitutive overexpression of OsWRKY45 in transgenic rice plants en-
hanced resistance to rice blast fungus (Shimono et al. 2012). Goto et al. (2015) reported 
that overexpression of OsWRKY45 could affect the tolerance of rice plants to low tem-
peratures. Overexpression of OsNH1 indicated a boost in resistance of the rice plant after 
infestation. Expression of PAL, OsNH1, and OsWRKY45 is related with the activation of 
the SA signaling pathway, whereas LOX is involved in JA biosynthesis (Ogawa et al. 
2005). It is suggested that defense gene of rice against WBPH were activated in CNDH3, 
CNDH14-2, CNDH42-2, and CNDH92-2. The capacity for photosynthesis of rice leaves 
is related to nitrogen content because the proteins in the Calvin cycle and thylakoids rep-
resent the majority of leaf nitrogen (Evans 1989). Most WBPH damage is on the main 
stem of the rice plant where the phloem sap contains sucrose and nitrogen compounds 
(Kehr 2006). The removal of these nutrients affects the growth and development of the 
plant (Rubia-Sanchez et al. 1999), and eventually leads to death. The physiology and bio-
chemistry of rice plants were altered after infestation because rice phloem is a major 
mediator in plant communication (Ruiz-Medrano et al. 2001). SPAD value changed in the 
rice plant after infestation due to the chlorophyll degradation in the chloroplast. Further-
more, BPH feed and grow on either susceptible or resistant plants at the flowering stage, 
although the plant expressed resistance at the vegetative stage (Jairin et al. 2007). Patho-
gen infection usually causes a significant decrease in photosynthesis and in turn decreas-
es the availability of nutrients for the pathogen (Berger et al. 2007). The infection leads to 
changes in secondary metabolism based on the induction of defensive systems together 
with primary metabolism that affects the development and yield of the plant. The yield 
and weight of susceptible rice plants was lost when the chlorophyll content was decreased 
because of heavy infestation of WBPH. These results support insight the expression pat-
terns of defense-related genes against insect attack and assist the development of resist-
ance varieties to prevent this destructive insect.
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